Mycobacterial interspersed repetitive unit-variable number tandem repeat (MIRU-VNTR) typing of Mycobacterium tuberculosis complex isolates is portable, 100% reproducible, and highly discriminatory. Nondenaturing high-performance liquid chromatography (non-dHPLC) with use of a WAVE microbial analysis system is a promising method of PCR amplicon analysis as it is low cost and requires no preanalysis processing. The aims of this study were to validate the application of WAVE microbial analysis system technology to MIRU-VNTR typing. A collection of 70 strains were cultivated in liquid culture and extracted using the QIAamp DNA minikit. Novel primers were designed to target the 12 MIRU-VNTR loci (P. Supply et al., J. Clin. Microbiol. 39:3563-3571, 2001). After amplification, each PCR product was analyzed on a WAVE microbial analysis system. The fragment size was calculated from the chromatogram, and the number of tandem repeats at each locus was determined. For the collection of 70 strains 100% concordance was achieved when comparing MIRU-VNTR profiles obtained from agarose gel electrophoresis and PCRs analyzed on a WAVE microbial analysis system. The calculated fragment sizes, obtained from the WAVE microbial analysis system, were sufficiently accurate to ensure 100% confidence when assigning the number of tandem repeats to a MIRU-VNTR locus. This study is the first to report the successful use of non-dHPLC for screening for variations in the number of MIRU-VNTRs in mycobacterial DNA. Non-dHPLC analysis was demonstrated to be a rapid, low-labor input method for the detection and analysis of MIRU-VNTR amplicons. The combination with non-dHPLC further enhances the utility of MIRU-VNTR typing.
The global burden of tuberculosis remains substantial, mainly because of poor control in developing countries (7) . Efficient local disease control depends on recognition and rapid treatment of infectious cases and on contact tracing and secondary prevention focused by epidemiological genotyping. On a broader scale, an international epidemiological surveillance scheme that can accurately monitor the dissemination of globally distributed clones will inform research on pathogenicity and transmission in different populations.
An ideal typing system must be accurate, discriminatory, reproducible, and at least semiautomated to ensure timeliness and cost-effectiveness. The generally accepted international "gold standard" for DNA fingerprinting of Mycobacterium tuberculosis has been IS6110 restriction fragment length polymorphism (RFLP) (27) . This method has been proved to be extremely useful in population-based epidemiological studies (18) . However, IS6110 RFLP typing is technically demanding, labor-intensive, and time-consuming. The analogue results are not easily reproducible between laboratories (1). The RFLP patterns of isolates containing fewer than six copies of IS6110 present a considerable challenge, as they exhibit a high rate of clustering by IS6110 RFLP (5) . In a recent study in the United States, almost a quarter of isolates genotyped by IS6110 RFLP possessed less than six bands (9) .
To combat the technical difficulties encountered by IS6110 RFLP typing, various rapid PCR-based methods have been developed (3) including mixed linker-PCR (2), multilocus sequence typing (19, 23) , and spoligotyping (13, 17, 28) . Variable number tandem repeat-PCR (VNTR-PCR), as applied to M. tuberculosis, was the first PCR method to analyze the VNTRs at specific genetic loci (10, 26, 29) . These tandem repeat sequences are similar to the microsatellite DNA sequences used in human genomic fingerprinting (6) . VNTR-PCR analyzes five distinct exact tandem repeat loci. Five-locus VNTR typing can define the geographic and evolutionary origin of strains (11) and has been useful in identifying laboratory cross-contamination incidents (12) .
The range of loci used for typing that contain VNTRs has been extended to 12 mycobacterial interspersed repetitive unit (MIRU)-VNTR loci (24) , which increased the discriminatory power of tandem repeat typing, such that it exhibits a performance comparable to that of IS6110 (15, 17, 20) . VNTR and MIRU-VNTR typing have been shown to provide comparable clusters when applied to epidemiologically linked isolates (15) .
Although MIRU-VNTR has been applied to a DNA se-quencer (25), we decided to evaluate denaturing high-performance liquid chromatography (dHPLC) because it has proved to be one of the most cost-effective methods for analytical applications to prokaryotic biology. The first of these applications was for the characterization of quinolone resistance in Staphylococcus aureus (14) and Salmonella enterica (8) and beta-lactam resistance in gram-negative organisms (21) . The method has also been used for multilocus sequence typingdHPLC typing of meningococci (22) and in the detection of mutations conferring antibiotic resistance in M. tuberculosis (4) . However, the study described here is to our knowledge the first of its kind that utilizes the nondenaturing mode (nondHPLC) for analysis of multiple fragments of double-stranded DNA on the WAVE microbial analysis system to type bacterial strains with use of tandem repeat sequences. Non-dHPLC employs reverse-phase ion pair chromatography in which DNA binds to the column, mediated by the ion-pairing reagent triethylammonium acetate; subsequently, this DNA bonding to the column is disrupted by a linear gradient of acetonitrile, which results in the movement of the DNA from the stationary phase into the mobile phase and progress through the column to the UV detector. This study describes the initial validation of a WAVE microbial analysis system for MIRU-VNTR typing of M. tuberculosis strains with use of 12 separate injections.
MATERIALS AND METHODS
Bacterial strains. Seventy M. tuberculosis isolates were used to validate MIRU-VNTR typing on a WAVE microbial analysis system. These strains had been previously characterized by MIRU-VNTR typing via agarose gel electrophoresis to size amplified sequences and enumerate tandem repeats at each locus (24) . Twenty isolates were selected to represent the entire range of repeats observed at each locus when previously typed. The remaining 50 isolates were randomly selected from the clinical isolates typed at the Birmingham Regional Centre for Mycobacteriology.
Growth conditions. Strains were incubated in mycobacterial growth indicator tubes (Becton Dickinson Biosciences, Oxford, United Kingdom) at 37°C until a positive growth index was achieved.
DNA extraction. A 1.5-ml portion of liquid culture was removed from the mycobacterial growth indicator tube and was centrifuged for 10 min at 8,000 ϫ g. The supernatant was removed, and DNA was extracted from the deposit by using the QIAamp DNA minikit (Qiagen, Crawley, United Kingdom). Prior to amplification each extract was diluted 1:100 in Tris-EDTA buffer. DNA was stored at Ϫ20°C until used.
MIRU-VNTR typing by agarose gel electrophoresis. MIRU-VNTR analysis to characterize the strains with use of agarose gels to size amplicons was performed by applying the primers and PCR conditions for the 12 MIRU-VNTR loci as initially published by Supply et al. (24) . The amplification reaction was performed on an MBS Thermal Cycler (Thermohybaid, Ashford, United Kingdom) with the following program: an initial denaturation for 7 min at 95°C and 35 cycles of denaturation for 1 min at 95°C, annealing at 59°C for 1 min, and extension for 1 min 30 s at 72°C. A terminal extension step of 10 min at 72°C completed the program. The amplicons were analyzed on a 2% (wt/vol) Agarose-1000 gel (Invitrogen, Paisley, United Kingdom) for 3 h at 150 V with 50-and 100-bp ladder size standards (Promega, Southampton, United Kingdom).
MIRU-VNTR primer design. A set of proprietary PCR oligonucleotides known as MIRU-SCAN were designed in conjunction with Transgenomic, Inc. (Omaha, Nebr.), to amplify the 12 MIRU-VNTR loci.
MIRU-VNTR typing by the nondenaturing program on a WAVE microbial analysis system. The following reagents were added to each PCR mixture: 1 U of Optimase polymerase (Transgenomic), 500 nM (each) primer, 5 l of 10ϫ reaction buffer, 200 M (each) four deoxynucleoside triphosphates, 1 mM MgSO 4 , 1 l of template DNA diluted 1:100, and sterile H 2 O to a final reaction volume of 50 l. We were able to optimize reaction conditions to use a single concentration of Mg 2ϩ for each PCR. The amplification program was performed on an MBS Thermal Cycler with the following conditions: initial denaturation stage of 5 min at 95°C; 35 cycles of 1 min at 95°C, annealing for 1 min at 62°C, and extension for 2 min at 72°C; and a final extension step of 72°C for 5 min. Five microliters of each PCR mixture was loaded onto a DNASep cartridge in a WAVE microbial analysis system (Transgenomic, Inc.) with use of the double-stranded multiple fragment DNA sizing analysis program. The gradient for separation was an 8.4-min gradient at a flow rate of 0.9 ml min Ϫ1 at 50°C. The gradient size range was set at 50 to 900 bp at a rate of 0.5 min/100 bp. Peaks that exhibited an absorbance of greater than 1 mV were accepted as true peaks representing PCR fragments. The gradient parameters were controlled by WAVEMAKER software (Transgenomic, Inc.). The principle behind fragment sizing by dHPLC operating in a nondenaturing mode is the differential retention of DNA primarily depending on the length of the sequence, which reflects the number of repeats in the fragment. A sizing standard with GC content comparable to that of the analyzed DNA must be used when sizing PCR fragments on a WAVE microbial analysis system (16) . The MIRU-VNTR loci of M. tuberculosis all have a high GC content (65 to 70%). Therefore, to ensure that an appropriate standard was used, a DNA ladder was constructed from combined PCR products of MIRU-VNTR locus 23 that contained known alleles that ranged from 1 to 10 repeats. With use of this DNA standard, no offset effects of different sequence composition were observed.
With use of a Microsoft Excel spreadsheet, the retention time of each PCR fragment was compared against the nearest standard bands and the size in base pairs was calculated. From this the number of repeats at each locus was determined.
Cluster analysis. MIRU-VNTR results were entered into BioNumerics (Applied Maths, St.-Martin-Latem, Belgium), analyzed by using the categorical coefficient, and displayed via the unweighted pair group method with arithmetic averages (UPGMA).
Statistical analysis of results. From the MIRU-VNTR results obtained, the minimum, mean, and maximum observed repeat values and fragment size (base pairs) were calculated. These results were then compared against a defined range of allowable results. Figure 1 displays the 70 strains analyzed by agarose gel electrophoresis and with use of the WAVE microbial analysis system as single amplifications. A concordance level of 100% between MIRU-VNTR profiles generated by agarose gel electrophoresis and by the non-dHPLC method was observed when results from the two methods were compared. The strains were selected from the Midlands Regional Centre for Mycobacteriology culture collection and represented the entire spectrum of alleles observed when typing clinical strains in the Midlands to date. Due to the confined geographical origins of strains analyzed in this collection the spectrum of alleles is not as wide as that observed previously (25) , when globally originating strains were analyzed. There were 56 distinct MIRU-VNTR profiles with a total of 26 isolates indistinguishable by MIRU-VNTR in 12 clusters. Forty-four isolates possessed a unique MIRU-VNTR profile compared to other strains in the collection. The largest cluster of four isolates (223325173533) represented a group of four epidemiologically linked patients from one sending location. Of the other 11 clusters each containing a pair of isolates, only two clusters contained isolates received from the same sending laboratory. The other nine clusters containing pairs of isolates from different sending laboratories could be confirmed by IS6110 RFLP typing. Table 1 Table 2 displays the statistical analysis of peaks obtained over multiple runs when the group of 70 strains were typed on the WAVE microbial analysis system. Three separate groups of MIRU repeats were analyzed, derived from clinical strains that have been previously typed by agarose gel electrophoresis. The minimum, median, and maximum numbers of repeats observed in clinical strains previously typed in the West Midlands were statistically analyzed.
RESULTS
For the products containing the lowest number of repeats observed at each locus (112111112211), the standard deviation (SD) ranged from 2 to 10 bp (Ϯ0.04 to 0.13 repeats) with an average from the 12 MIRU loci of Ϯ4 bp (Ϯ0.07 repeats). The 95% confidence interval (CI) ranged from 2 to 12 bp (0.04 to 0.16 repeats) with a mean interval of 5 bp (0.07 repeats). The The median number of repeats for each locus was 224325153323. For these PCR products the SD range was Ϯ2 to 6 bp (0.04 to 0.11 repeats) with a mean of Ϯ3 bp (Ϯ0.06 repeats) for all 12 MIRU loci combined. The 95% CI varied from 2 to 4 bp (0.02 to 0.06 repeats) with an average interval of 2 bp (0.04 repeats). The mean of the calculated product sizes varied from the expected size by Ϫ1 to Ϫ8 bp (Ϫ0.01 to Ϫ0.13 repeats) with an average of Ϫ5 bp (Ϫ0.09 repeats) for all 12 MIRU loci.
Two hundred eighty-two PCR products were analyzed from isolates that possessed the maximum number of repeats observed at each locus in clinical strains (257627294537); the SD for each locus ranged from a minimum of Ϯ2 bp to a maximum of 8 bp (0.04 to 0.12 repeats) with an average SD of Ϯ4 bp (Ϯ0.07 repeats) for all 12 MIRU loci combined. The 95% CI ranged from 2 to 10 bp (0.02 to 0.14 repeats), with a mean interval of 4 bp (0.07 repeats). The variance of the mean calculated size from the expected product size ranged from Ϫ1 to Ϫ14 bp (Ϫ0.02 to Ϫ0.27 repeats) with an average variance from the expected size of Ϫ7 bp (Ϫ0.12 repeats).
Of 840 PCR fragments analyzed, 828 (99%) were sized accurately within a repeat integer range of Ϯ0.25 repeats. For all 840 PCR fragments analyzed within this study, the WAVE microbial analysis system exhibited a mean accuracy of ϩ4.8 bp or ϩ0.09 repeats. The 12 PCR products that were not within this range had an average variance of Ϫ0.29 repeats from the expected repeat number. Upon repeat analysis, all of the 12 PCR products that did not initially group within this interval were sized accurately to within Ϯ0.25 repeats.
The MIRU-VNTR results from the 70 isolates analyzed were compared in six putative paired MIRU loci (MIRU 2 and 10, 4 and 20, 16 and 23, 24 and 40, 26 and 39, and 27 and 31). From this analysis, PCR amplicons amplified from all of the MIRU loci are allocated to their correct locus. The paired amplicons from 815 of 840 MIRU loci can be correctly allocated to their respective locus compared to previously calculated profiles. The remaining 25 amplicons from the 840 MIRU loci can be allocated to their respective locus on an exclusion basis. After the analysis of each amplicon for calculating its number of repeats to two decimal places, the first amplicon of the paired MIRU loci that falls within the range of Ϯ0.25 repeats is assigned to its locus. Then the second amplicon of the paired MIRU loci is assigned to the only possible remaining MIRU locus.
DISCUSSION
The results of this study show that non-dHPLC with use of a WAVE microbial analysis system produces accurate and reproducible sizing of MIRU-VNTR amplicons when utilized for single PCR MIRU-VNTR typing of M. tuberculosis strains. The highest number of repeats analyzed in this study is nine repeats (521 bp) for MIRU-VNTR locus 26. For this locus the total range of calculated amplicon sizes was 512 to 522 bp. The SD was Ϯ3 bp, the 95% CI was 515 to 519 bp, and the mean variance of calculated product sizes from expected product size was Ϫ4 bp. However, the largest product size analyzed was 530 bp for MIRU 40 (seven repeats). For this locus the calculated amplicon size ranged from 505 to 524 bp, with an SD of Ϯ5 bp, a 95% CI of 512 to 518 bp, and a mean variance from calculated to expected amplicon size of Ϫ15 bp. The relatively narrow SD and 95% CI values indicate that the majority of PCR products are grouped together. When sizing amplicons for tandem repeat typing, very high levels of accuracy of sizing are not necessary as MIRU-VNTR units are all longer than 50 bp. Therefore, it is necessary only to have sufficient accuracy to unambiguously determine the number of repeat sequences at each locus. Combining the 281 amplicons analyzed for the maximum number of repeats category, the mean variance for all samples compared to the expected amplicon size was Ϫ6 bp. For quality control purposes, certain ranges of allowable repeat numbers must be implemented. For single amplicon analysis, a "buffer zone" of 50% of the repeat size between predicted PCR fragment sizes can be used. This means that any PCR product calculated as Ϯ0.25 repeats within a repeat integer can be accepted. On a WAVE microbial analysis system 828 of 840 (99%) of single PCR fragments analyzed were within this interval. The 12 PCR products that were not within this range had an average variance of Ϫ0.29 repeats (i.e., only Ϫ0.04 repeats outside the limit) from the expected repeat number. This variation probably occurred as a result of systematic calculation because retention times are recorded to only two decimal places. They are then manipulated and then rounded to two decimal places before rounding up or down to a repeat integer value.
In a previous study (25) , sizing of MIRU-VNTR PCR amplicons with use of a DNA sequencer was found to be reproducible, with within-run and between-run average precisions of Ϯ0.5 and Ϯ0.6 bp, respectively. Mean errors for the sizing accuracy were 1.1 bp for fragments below 500 bp and 0.8 bp for fragments from 500 to up to 971 bp. The WAVE microbial analysis system exhibits a mean error of 4.8 bp for all PCR fragments analyzed within this study.
We have calculated that, to perform MIRU-VNTR typing with 12 single PCRs, postamplification analysis by non-dHPLC on a WAVE microbial analysis system would cost $6 per isolate. Using a duplex method would approximately halve these costs.
After PCR amplification for non-dHPLC MIRU-VNTR typing then the next step is straightforward uncapping and loading of tubes into the autosampler unit of the WAVE microbial analysis system. No intermediary manipulation of the PCR product such as addition of loading buffer, denaturation, and prerunning, which is required on a 96-well ABI 377 automatic sequencer (Bio-Whittaker Molecular Applications, Rockland, Maine), is required (24) .
Pairing of the 12 MIRU-VNTR loci into six duplex PCRs would increase the throughput of isolates. Without using fluorescent dyes, this would be possible, as the WAVE microbial analysis system exhibits a mean accuracy of 4.8 bp. This would enable accurate identification of PCR products to the correct MIRU-VNTR locus.
WAVE DNA fragment analysis equipment can be supplemented with various units to further enhance the speed of analysis such as a fluorescence detector, an accelerator, and the potential for 2-by 96-well plate capacity. The potential capacity is 78 strains per week with performance of daily runs with duplex PCRs and a dual-plate autosampler. By using the exclusion method described previously to correctly assign amplicons to paired MIRU-VNTR loci, it is possible to perform duplex MIRU-VNTR typing on a WAVE microbial analysis system.
The total size range of amplicons amplified by our novel set of primers is 107 to 521 bp (one to nine repeats). This optimized range further keeps the analysis time to 8.4 min per injection, as the primer-binding flanking regions are relatively small (the largest is MIRU-VNTR 40 at 152 bp).
This study is the first to report the successful use of nondHPLC for screening for variations in the number of MIRUVNTRs in mycobacterial DNA. The fragments of various retention times detected by agarose gel analysis could be rapidly and reproducibly identified in single PCR products by nondHPLC, producing specific DNA WAVE patterns that correlate with MIRU-VNTR genotypes.
Non-dHPLC analysis was demonstrated to be a rapid, lowlabor input method for the detection and analysis of PCR fragments containing various numbers of tandem repeats in M. tuberculosis. VNTR and MIRU-VNTR typing have recently been described as valuable in investigating clusters of tuberculosis in a large health care region in the United Kingdom (15) . The combination with non-dHPLC further enhances the utility of this typing method.
